INTRODUCTION
============

During the past several years, major advances have been made in the development of oligonucleotides as therapeutic agents. Triplex-forming oligonucleotides (i.e. antigene), antisense oligonucleotides, aptamers and ribozymes (catalytic RNA) have shown promise in modulating gene expression ([@b1]--[@b4]). More recently, the discovery of RNA interference has revealed how duplex RNA oligonucleotides can be used for gene-silencing, a mechanism that is both useful for basic research and very promising for the treatment of acquired and genetic diseases ([@b5]--[@b7]). Effective implementation of oligonucleotide technology in biology and medicine depends on the efficient transfection of oligonucleotides. However, the cell membrane is a formidable barrier to the delivery of therapeutic nucleic acids ([@b8]--[@b10]). Most chemical-based (i.e. non-viral and non-mechanical) artificial DNA delivery systems involve charge-neutralization and condensation of DNA into small particles that facilitate DNA entry into cells by endocytosis and, in some cases, a mechanism for escape into the cytoplasm before endosomal degradation. Even the widely implemented method of cell transfection using cationic lipids can be enhanced several fold when DNA is pre-condensed by cationic polymers into nanometer-scale condensates ([@b11]).

Efforts to improve oligonucleotide delivery have driven the development of novel reagents for DNA condensation that include cationic liposomes ([@b12],[@b13]), polycationic dendrimers ([@b14]), polyethylenimine (PEI) ([@b15],[@b16]) and various cationic peptides ([@b17]). In contrast, relatively few studies have addressed the potential for alterations in nucleic acid structure to improve DNA packaging for delivery. Nevertheless, altering the DNA structure appears to be a promising approach to controlling DNA condensation. For example, the introduction of a particular G-rich sequence into plasmid DNA can decrease condensate particle size by 22%, and supercoiled DNA has been shown to condense into smaller particles than linear DNA ([@b18],[@b19]). Our laboratory has also demonstrated that the size of DNA condensates produced by plasmid DNA is substantially reduced if static DNA loops are incorporated into the plasmid to act as nucleation sites for condensation ([@b20],[@b21]). These studies suggest that the influence of DNA structure on condensation can be as great as the effects of condensing agent structure.

In this report, we describe the development of a new strategy for the compaction of short oligonucleotides into well-defined condensates. We have designed oligonucleotides with half-sliding complementary sequences ([@b22]) that self-assemble to produce duplexes with flexible sites at regular points along the double helix, in the form of single-stranded nicks and singled-stranded gaps. These nicked- and gapped-DNA duplexes were prepared by mixing equal amounts of two oligonucleotides that self-assemble into duplexes and reach lengths longer than 2 kb. The condensation behavior of nicked- and gapped-DNA are compared with the condensation of a 21mer duplex and a 3 kb plasmid DNA by transmission electron microscopy (TEM) and light scattering. Condensation studies were carried out using the trivalent cation hexammine cobalt(III), an arginine-rich peptide and two polymeric condensing agents. The peptide and polymeric condensing agents chosen for this study are each known for their ability to enhance artificial DNA delivery. The results presented here demonstrate that long nicked- and gapped-DNA duplexes generally condensed into smaller and more homogenous particles than short oligonucleotides duplexes. We also demonstrate that nicked- and gapped-DNA condenses more easily than continuous duplex DNA of comparable length. The substantial difference in the average size of nicked- and gapped-DNA condensates and those of continuous DNA duplexes demonstrate that the increased local flexibility of nicks and gaps provide both a kinetic and a thermodynamic advantage to DNA condensation. Because controlling the size of condensed DNA particles is a critical parameter for *in vivo* delivery ([@b23]), we propose that DNA with regular nicks or gaps represents a new class of nucleic acid structure that should prove useful in conjunction with a variety of non-viral mediated nucleic acid delivery systems.

MATERIALS AND METHODS
=====================

Plasmid DNA preparation
-----------------------

Bluescript II SK- (Stratagene, La Jolla, CA) (2961 bp), referred to as *3kbDNA* in the text, was grown in the *Escherichia coli* cell line DH5α (Life Technologies, Carlsbad, CA) and isolated using the Qiagen Maxi-Prep kit (Valencia, CA). The circular plasmid DNA was linearized by incubation with the restriction enzyme HindIII (New England Biolabs, Beverly, MA). The linearized plasmid DNA was rinsed five times with 5 mM Bis-Tris and 50 μM EDTA (pH 7.0) using a Microcon YM-30 spin column (Millipore, Bedford, MA) to remove excess salt introduced during restriction digestion. The DNA was then eluted from the spin column membrane with 5 mM Bis-Tris, 50 μM EDTA (pH 7.0). DNA concentration was verified spectrophotometrically.

Nicked-DNA, gapped-DNA and short DNA duplex preparation
-------------------------------------------------------

To produce nicked-DNA, two 42mer oligonucleotides were designed such that the 3′ half-sequence (i.e. 21 bases at the 3′ end) of one strand (N1) is complementary to the 3′ half-sequence of another strand (N2), with the same being true for the 5′ half-sequences of these two oligonucleotides. N1 5′-GCTGGTGAGACGACTATGAGTTCGAATGGCTTACTCGAATGGCTTACTGACACCG-3′N2 5′-CTCATAGTCGTCTCACCAGCCGGTGTCAGTAAGCCATTCGAA-3′

DNA sequences were also designed to produce duplexes with short gaps at 21 bp intervals. These two 44mer sequences, G1 and G2, were created by inserting two thymine nucleotides (TT) into the middle of the 42mer oligonucleotide sequences. G1 5′-GCTGGTGAGACGACTATGAGTTTTCGAATGGCTTACCGAATGGCTTACTGACACCG-3′G2 5′-CTCATAGTCGTCTCACCAGCTTCGGTGTCAGTAAGCCATTCGAA-3′

Oligonucleotides were purchased from Integrated DNA Technologies (Coralville, IA) and separated from truncation products by denaturing PAGE. DNA was eluted from the gel matrix, precipitated with ethanol and then further purified by passage over a Sephadex G-15 column (Sigma). Purified oligonucleotides were lyophilized and resuspended in dH~2~O. Oligonucleotide concentrations were determined by UV-Vis spectroscopy using the following extinction coefficients: 42mer (N1), ε~260~ = 406 700 M^−1^ cm^−1^; 42mer (N2), ε~260~ = 410 500 M^−1^ cm^−1^; 44mer (G1), ε~260~ = 422 900 M^−1^ cm^−1^; and 44mer (G2), ε~260~ = 417 700 M^−1^ cm^−1^.

To create nicked-DNA, oligonucletoides N1 and N2 were mixed in a buffer of 10 mM Bis-Tris, 100 μM EDTA (pH 7.0), annealed at 85°C for 5 min and then slowly cooled to 4°C. The lengths of annealed products were determined by non-denaturing PAGE.

Gapped-DNA duplexes were prepared and analyzed in the same manner as nicked-DNA, except using the oligonucleotides G1 and G2. Nicked-gapped-DNAs, containing alternating nicks and gaps along the phosphate backbone, were produced by mixing and annealing equal amounts of oligonucleotides N1 and G2. The 21mer oligonucleotide duplex used in the present study had the nucleotide sequence 5′-TCGAATGGCTTACTGACACCG-3′ (complementary strand implied).

DNA condensate preparation
--------------------------

All solutions were filtered through Amicon Ultrafree-MC centrifugal filters with 0.22 μm pore diameter (Millipore) prior to use in condensation reactions. For light scattering and TEM experiments, condensates were prepared by mixing DNA (15 μM in bp) with an equal volume of the specified condensing agent in a buffer of 5 mM Bis-Tris, 50 μM EDTA (pH 7.0). Condensates were allowed to incubate for 5 min at room temperature before analysis by light scattering or TEM. The four condensing agents used in this study were hexammine cobalt chloride (Sigma), poly-[l]{.smallcaps}-lysine (PLL) \[Mw (LALLS) 8.3 kDa; Sigma\], PEI (Mw 750 kDa; Sigma) and TAT~47--57~ peptide (YGRKKRRQRRR) (Bachem). For all TEM studies with hexammine cobalt(III) as a condensing agent, 200 μM hexammine cobalt chloride was used. For condensate preparations involving the TAT peptide, PLL and PEI, the condensation reaction mixtures were prepared using appropriate concentrations of these condensing agents such that there were two positively charged nitrogens of the condensing agent for every phosphate group of DNA (at pH 7.0). Equivalents of condensing agents are defined as protonated nitrogen atoms of cationic groups of the condensing agents \[for PEI, one out of the six amino nitrogen atoms ([@b24])\].

Light scattering
----------------

DNA condensation was monitored by measuring the average intensity of scattered light at a 90° scattering collection angle using a DynaPro MS/X dynamic light-scattering instrument (Proterion, Piscataway, NJ) with a laser of wavelength 824.8 nm. All light-scattering measurements were performed at room temperature. Each measurement reported is the average of thirty 10 s scattering intensity accumulations taken over the course of five minutes.

TEM
---

DNA condensate reaction mixtures were deposited on carbon-coated copper EM grids (Ted Pella, Redding, CA) and allowed to settle for 10 min. The solutions were negatively stained with aqueous (2% w/v) uranyl acetate (Ted Pella) for 1 min to enhance contrast. The grids were rinsed with 95% ethanol and subsequently air-dried. The TEM images of DNA condensates were collected using a JEOL-100C transmission electron microscope. Images were recorded on film at 100 000× magnification. Negatives were scanned into electronic format at 300 pixels/inch, and a computer graphics program was used to measure the size of DNA condensates. The average size of the DNA condensates in each sample was calculated by measuring the diameter of a minimum of 100 particles.

RESULTS
=======

Assembly of duplex DNA with regularly spaced single-stranded nicks and/or gaps
------------------------------------------------------------------------------

A pair of 42mer oliogonucleotides was designed such that each was a half-sliding Watson--Crick complement of the other (sequences N1 and N2, see Materials and Methods). The annealing of such oligonucleotides would be expected to produce long DNA duplexes ([Scheme 1](#sch1){ref-type="fig"}). The backbones of these duplexes would not be continuous along either strand, but would possess nicks at every 21 bp in alternate strands. Because the synthetic oligonucleotides are not phosphorylated at their 5′ ends, these nicks represent positions where a single phosphate group is missing from an otherwise continuous backbone. DNA of this composition will be referred to in the present study as 'nicked-DNA'. Similarly, a pair of 44mer oligonucleotides was also generated, in which two thymine residues were inserted into the middle of the 42mer oligonucleotides (sequences G1 and G2, see Materials and Methods). The annealing of these 44mer oligonucleotides would be expected to produce duplex DNA with 2 nt gaps at 21 bp intervals along alternating strands ([Scheme 1](#sch1){ref-type="fig"}). DNA of this composition will be referred to as 'gapped-DNA'. By mixing one of the 42mer oligonucleotides (i.e. N1) with its half-sliding complementary 44mer (i.e. G2), it is possible to generate DNA duplexes with alternating nicks and gaps ([Scheme 1](#sch1){ref-type="fig"}). DNA of this composition will be referred to as 'nicked-gapped-DNA'. In general, our approach allows for the incorporation of flexible points, in the form of nicks and/or gaps, at regular intervals into duplex polymers of significant length. This mode of nucleotide assembly also provides a means to assemble many copies of two or more oligonucleotide sequences into a volume that is defined by the persistence length of the resulting nicked/gapped-DNA polymer.

The length of nicked-DNA duplexes formed upon annealing of oligonucleotides N1 and N2 was examined by non-denaturing PAGE. A 1:1 mixture of oligonucleotides N1 and N2 produced DNA assemblies with a distribution of lengths between ∼200 bp and 2 kb, with the majority of these nicked-DNA duplexes being on the longer side of this range ([Figure 1](#fig1){ref-type="fig"}). The length of nicked-DNA duplexes was observed to vary directly with the stoichiometry of oligonucleotides N1 and N2. For N1:N2 ratios of 1:2, 1:3 and 1:4, where a significant excess of one strand was present, ladder-like bands appeared in the gel and the length of nicked-DNA duplexes decreased with the degree of deviation from a 1:1 ratio ([Figure 1](#fig1){ref-type="fig"}). The nicked-, gapped- and nicked-gapped-DNA assemblies formed from equal moles of monomer oligonucleotides, which in all cases yielded the longest assemblies (Supplementary Figure S1), were used in the condensation experiments described below.

Condensation of nicked- and gapped-DNA with hexammine cobalt chloride
---------------------------------------------------------------------

The condensation of nicked-DNA by hexammine cobalt chloride, a well-characterized DNA condensing agent ([@b25]), was compared with the condensation behavior of a short 21mer duplex and a linear 3 kb plasmid DNA (*3kbDNA*). For this study, condensation reactions were performed by mixing hexammine cobalt chloride solutions of increasing concentrations with equal volume solutions of DNA at a constant concentration (7.5 μM in base pair after mixing). The process of DNA condensation was monitored by measuring the average light-scattering intensity of the reaction mixture as a function of hexammine cobalt chloride concentration ([Figure 2](#fig2){ref-type="fig"}). When hexammine cobalt chloride was titrated into a solution of *3kbDNA*, the average light-scattering intensity of this sample increased rapidly in the low concentration regime and then reached a plateau at ∼80 μM hexammine cobalt chloride ([Figure 2](#fig2){ref-type="fig"}). This increase in average light scattering can be attributed to the increased concentration of densely packed DNA particles ([@b26]--[@b28]). The midpoint of *3kbDNA* condensation, under the conditions of our study, was at 49 μM hexammine cobalt chloride. This midpoint of condensation and the shape of the titration profile are consistent with earlier reports of DNA condensation under low salt conditions ([@b29]). A similar titration of a 21mer oligonucleotide duplex failed to produce a significant increase in light-scattering intensity within the titration range, which indicates no appreciable formation of DNA condensates. This observation is consistent with earlier reports that DNA duplexes even as long as 140 bp in length are more difficult to condense with hexammine cobalt chloride than DNA that is thousands of bp in length ([@b25]). In contrast, titration of nicked-DNA with hexammine cobalt chloride produced a light-scattering profile with a shape very similar to that of *3kbDNA*. A sigmoidal fit of scattered light intensity as a function of hexammine cobalt chloride concentration demonstrates that the nicked-DNA condenses with a midpoint of 37 μM ([Figure 2](#fig2){ref-type="fig"}, inset). Thus, nicked-DNA actually has a greater propensity to condense than linear duplex DNA of comparable length (i.e. *3kbDNA*), and dramatically different condensation properties when compared with the duplex 21mer oligonucleotides. We note that the maximum light-scattering intensity observed for condensed nicked-DNA is approximately half of that observed for *3kbDNA*. This result does not necessarily indicate that the nicked-DNA is in a less condensed state, as particle number and particle morphology also contribute to light-scattering intensity. Hydrodynamic radius measurements based upon dynamic light scattering actually indicate that particles formed by nicked-DNA and hexammine cobalt chloride are larger than those formed by *3kbDNA* (Supplementary Figure S2). Electron microscopy studies discussed below also confirm this to be the case. Light-scattering measurements clearly indicate that the condensation of nicked-DNA by hexammine cobalt chloride is more similar to *3kbDNA* condensation than to the condensation of short duplex oligonucleotides.

The size and morphology of particles formed by the condensation of nicked-, gapped- and nicked-gapped-DNA duplexes with hexammine cobalt chloride were directly analyzed using TEM and compared with those formed by *3kbDNA*. Nicked-DNA condensed into ribbon-like aggregates that were ∼75 nm in width, but frequently over 1 μM in length ([Figure 3A](#fig3){ref-type="fig"}). Gapped- and nicked-gapped-DNA duplexes produced similar ribbon-like structures when condensed by hexammine cobalt chloride ([Figure 3B and C](#fig3){ref-type="fig"}). Spherical particles of a size close to that typical of DNA toroids were occasionally found among the elongated ribbon-like aggregates. Under the same solution conditions, the condensation of *3kbDNA* by hexammine cobalt chloride produced toroids as the dominant morphology with a mean outer diameter of 85 nm ([Figure 3D](#fig3){ref-type="fig"}). This result for *3kbDNA* is consistent with the previous reports of linear plasmid DNA condensation from a low-salt buffer ([@b21]).

Condensation of nicked- and gapped-DNA by a cationic peptide
------------------------------------------------------------

We also studied the condensation of DNA duplexes with multiple nicks and/or gaps by larger and more highly charged condensing agents. For these studies, condensing agents were chosen from molecules that had previously been shown to facilitate artificial gene delivery. Many cationic peptides have been reported as successful vectors for non-viral gene delivery ([@b17],[@b30]). Some of these peptides include naturally derived sequences that facilitate the translocation of DNA across biological membranes in the absence of any specific transporter or receptor. For example, a short peptide derived from the nuclear localization sequence (NLS) of the Tat protein, residues 47--57 (YGRKKRRQRRR), has been shown to promote the entry of nucleic acids into several different cell types ([@b31]--[@b34]). Thus, we chose the Tat-NLS peptide as a model peptide to investigate whether nicked- and gapped-DNA are condensed by a cationic peptide into a form that would be suitable for delivery.

Changing the condensing agent from hexammine cobalt chloride to the Tat-NLS peptide caused a dramatic alteration in the size and morphology of condensates formed by DNA duplexes containing nicks and/or gaps. Nicked-, gapped- and nicked-gapped-DNA duplexes all condensed into spherical particles, each with an average diameter of 45 nm ([Figure 4A--C](#fig4){ref-type="fig"}). The continuous *3kbDNA* was also condensed into spheres by the Tat-NLS peptide, but these particles were significantly larger with an average diameter of 65 nm ([Figure 4D](#fig4){ref-type="fig"}). Histograms of condensate particle diameters illustrate that the distribution of particle sizes was also very similar among the three types of nicked- and gapped-DNA, and narrower for each than the distribution observed for *3kbDNA* ([Figure 5A](#fig5){ref-type="fig"}). We note that the 21mer oligonucleotide duplexes (which did not condense with hexammine cobalt chloride) were condensed by the Tat-NLS peptide, but much larger aggregates were observed compared with nicked- and/or gapped-DNA ([Figure 4E](#fig4){ref-type="fig"}). Thus, DNA with nicks and/or gaps can be condensed into smaller particles by the Tat-NLS peptide than either oligonucleotide duplexes or *3kbDNA*. The difference observed between the size and morphology of nicked- and gapped-DNA condensates when the condensing agent is changed from a trivalent cation to an eight-charged cationic peptide also illustrates the fundamental interplay between condensing agent type and DNA structure on DNA condensation.

Condensation of nicked- and gapped-DNA by PLL
---------------------------------------------

We have also studied the condensation of DNA with multiple nicks and/or gaps by the much larger cationic peptide PLL. PLL is of interest as a DNA condensing agent because it is known to enhance the cellular uptake of DNA and protect DNA from nuclease digestion ([@b17]). All three types of nicked- and gapped-DNA duplexes were found to uniformly condense into small spherical particles with PLL (Supplementary Figure S3). The average diameter of nicked-, gapped- and nicked-gapped-DNA-PLL condensates was essentially the same at 21, 17 and 18 nm, respectively. However, *3kbDNA* under the same conditions produced appreciably larger spheres with an average diameter of 30 nm and with a somewhat greater size distribution ([Figure 5B](#fig5){ref-type="fig"}). Based upon an average length for our nicked- and gapped-DNA of 2 kb, the volume of a sphere with a 20 nm diameter and the previously determined packing density of condensed DNA ([@b35]), the spherical nicked- and gapped-DNA-PLL particles are the result of a single DNA polymer collapse. On the other hand, 30 nm PLL-*3kbDNA* particles are estimated to contain 6 kb, or two strands of *3kbDNA*. The short 21mer duplex was also condensed by PLL into well-defined spheres, but with a much greater degree of aggregation as compared with DNA with nicks and/or gaps (Supplementary Figure S3).

Condensation of nicked- and gapped-DNA by PEI
---------------------------------------------

Among the various polymeric DNA transfection agents described in the literature, PEI has proven particularly efficient in a variety of *in vitro* and *in vivo* transfection studies ([@b15],[@b16]). Apart from DNA condensation and protection from nucleases, endosomal release of DNA is known to be essential for efficient transfection ([@b36]). Among the different DNA carriers, PEI has been shown to effectively promote early release of DNA from the endosomal pathway ([@b15]). Furthermore, additional chemical modifications can easily be introduced to the PEI molecule to enhance target specificity ([@b37]). Thus, we have also investigated the condensation of DNA duplexes with multiple nicks and/or gaps by PEI. PEI condensed these DNA duplexes into spherical condensates with average diameters of 26, 25 and 27 nm for nicked-, gapped- and nicked-gapped-DNA duplexes, respectively ([Figure 5C](#fig5){ref-type="fig"}). Thus, PEI condensates of nicked- and gapped-DNA are substantially smaller than condensates formed with hexammine cobalt chloride or the Tat-NLS peptide, but larger than those formed with PLL. PEI also condensed *3kbDNA* duplexes into spherical particles, however, the average diameter of the PEI-*3kbDNA* spheroids was 51 nm and with increased particle size distribution as compared with all three types of DNA duplexes with nicks and/or gaps ([Figure 5C](#fig5){ref-type="fig"}). Unlike PLL, PEI did not condense the duplex 21mer oligonucleotides into discrete particles with a regular morphology (Supplementary Figure S4).

DISCUSSION
==========

Our motivation to study the condensation of nicked- and gapped-DNA is two-fold: to acquire a more fundamental understanding of DNA condensation and to develop methods for the packaging of therapeutic oligonucleotides into discrete particles. In the present study, we have focused on characterizing the condensation of nicked- and gapped-DNA by various condensing agents. Here, we discuss what our results reveal about condensation of DNA duplexes with multiple nicks or gaps and about DNA condensation in general. As noted above, efficient condensation of DNA into nanometer-scale particles correlates strongly with enhanced DNA delivery to living cells ([@b11],[@b38],[@b39]). Thus, based on this criterion, the small particles produced by the self-assembly of oligonucleotides into long DNA duplexes with regularly spaced nicks or gaps represent promising vectors for oligonucleotide delivery. Nevertheless, we acknowledge that the utility of our approach for cellular delivery must still be proven by actual delivery studies.

Nicked- and gapped-DNA are more prone to condensation than continuous duplex DNA
--------------------------------------------------------------------------------

The light-scattering studies reported here revealed that nicked-DNA condenses at a lower concentration of hexammine cobalt chloride than *3kbDNA* ([Figure 2](#fig2){ref-type="fig"}). This observation is consistent with nicked-DNA being intrinsically more prone to condensation than continuous duplex DNA of comparable length. The greater tendency of nicked-DNA to condense is most probably due to the ability of nicked-DNA to fold upon itself every 21 bp. The energetic cost associated with the introduction of sharp bends (i.e. kinks) at nicked sites would be considerably less than that associated with the tight kinking of continuous duplex DNA. In other words, the greater propensity for nicked-DNA to condense is probably due to the reduced rigidity or persistence length of nicked-DNA in comparison with continuous duplex DNA ([@b40]).

The large ribbon-like condensates produced by mixing nicked- or gapped-DNA with hexammine cobalt chloride clearly contain more DNA than a single 2 kb nicked/gapped-DNA duplex. As an illustration, if we approximate the ribbon-like structure shown in [Figure 3A](#fig3){ref-type="fig"} as a cylinder and assume hexagonal DNA packing with an inter-helix spacing of 2.8 nm ([@b35]), then this particle contains ∼1 Mb of DNA. Given that the nicked-DNA duplexes used in this study are ∼2 kb in length, this structure contains on the order of 50 nicked-DNA duplex molecules. The actual mechanism for the assembly of nicked- and gapped-DNA into ribbon-like structures is not clear. It is possible that the greater flexibility of nicked-DNA may allow rearrangements to occur in the condensed state that lead to higher-order assemblies. In any case, this phenomenon is apparently particular to the condensation of nicked- and gapped-DNA when a trivalent cation, such as hexammine cobalt(III), is used as the condensing agent.

Nicked- and gapped-DNA favors small condensates by altering the kinetics of condensation
----------------------------------------------------------------------------------------

For all DNA samples of the current study, condensate size decreased as the net charge of the condensing agents increased from a trivalent to polyvalent cations. These results are consistent with the previous reports that DNA condensates tend to decrease in size as condensing agents increase in positive charge valency ([@b39],[@b41],[@b42]). The trend to smaller particle size with greater condensing agent charge valency can be understood by considering the fact that DNA condensation is a nucleation-growth phenomenon ([@b43]). Similar to crystal growth, if particle nucleation is rapid and the addition of molecules onto a growing particle is irreversible, then many small particles tend to form ([@b44]). In such cases, particle growth is said to be 'kinetically limited', because particle size is determined by the rate at which the bulk solution becomes depleted of free molecules from which the particles can grow. In contrast, if particle nucleation is slow and molecule addition is reversible, then a smaller number of particles grow to a much larger size. In terms of DNA condensation, condensing agents with greater charge valency are expected to more rapidly nucleate DNA condensation, and DNA condensed by such condensing agents is less likely to exchange back into solution than DNA condensed by a chemical agent of lower charge valency. Thus, like rapid crystal nucleation, condensing agents of greater charge valency can favor the formation of smaller condensates by kinetically limiting DNA particle growth.

We have demonstrated that the condensates formed by nicked- and gapped-DNA in the presence of TAT peptide, PLL and PEI are smaller than those formed by continuous duplex *3kbDNA*. Our data also indicate that the spherical particles produced by nicked- and gapped-DNA in the presence of PLL result from the unimolecular collapse of nicked/gapped-DNA duplexes, whereas *3kbDNA* does not appear to form unimolecular particles under the same conditions. Together, these observations indicate that DNA with multiple nicks or gaps has a greater propensity to nucleate condensation than continuous duplex DNA. Single-stranded nicks and gaps in duplex DNA are known to effectively reduce the overall persistence length of a DNA polymer in solution by increasing the conformational freedom of the polymer through localized dynamic kinks ([@b40],[@b45]--[@b48]). These points of increased flexibility in nicked- and gapped-DNA would be expected to allow intra-polymer helix--helix associations that could act as nucleation sites for DNA condensate formation. As mentioned above, if DNA condensate nucleation is sufficiently rapid and essentially irreversible, then DNA condensate size can be limited by the kinetics of condensation. Since the condensates formed by nicked-, gapped- and nicked-gapped-DNA with the Tat-NLS peptide, PLL and PEI are smaller than the corresponding condensates of *3kbDNA*, the condensate nucleation sites provided by the flexible sites of nicked- and gapped-DNA apparently provide a mode of condensate nucleation that is kinetically more accessible than the nucleation structures formed by continuous duplex DNA.

The similar condensation of nicked-, gapped- and nicked-gapped-DNA is somewhat surprising, as the persistence length of nicked- and gapped-DNA duplexes have been reported to be significantly different ([@b45]--[@b47],[@b49],[@b50]). Given the observation that these three types of DNA condense similarly, one might conclude that reduced persistence length does not fully account for the difference in the condensation of nicked- and gapped-DNA with respect to continuous DNA duplex. However, it is possible that the concept of DNA persistence length alone is not sufficient to describe what is observed and that the kinetics of nucleation must also be considered. Clearly, a common feature of our nicked-DNA and gapped-DNA is the propensity for sharp kinks to occur spontaneously along the helical axis ([@b46]--[@b48]). We propose that these kinks act as local nucleation sites for condensation and that at any given time a nicked-DNA duplex contains a sufficient number of these kinks to nucleate condensation. Gapped- and nicked-gapped-DNA may contain a larger number of these kinks, but because these sites principally act to nucleate condensation, having more kinks than nicked-DNA may not further alter DNA condensation.

CONCLUSIONS
===========

We have described a new method for the efficient condensation of DNA oligonucleotides into discrete particles. By assembling oligonucleotides into long nicked or gapped duplexes, the condensation of short oligonucleotides into well-defined particles can be achieved with various condensing agents. In addition, we have provided one more illustration of the interplay that exists between DNA structure and condensing agent structure on the size and morphology of condensates. The introduction of dynamic kinks in the nucleic acid structure represents a simple way to introduce nucleation sites that kinetically favor the formation of small, uniform condensates. The results presented also provide additional support to earlier proposals that nucleation can be a defining step in the determination of condensate size ([@b51]).

The simple strategy presented here should be readily amenable to further studies that aim at using short oligonucleotides to block viral or cellular disease-causing genes. In addition to facilitating the condensation of oligonucleotides, appending nicked- or gapped-DNA onto one end of a continuous gene-length DNA could provide nucleation sites for condensation. This might be a way to promote the condensation of gene-length DNA into small spherical particles, as we have previously shown that the incorporation of static loops into a 3 kb long DNA kinetically favors condensation into toroids with reduced dimensions ([@b20],[@b21]). Whether these improvements in DNA condensation result in enhanced gene/oligonucleotide transfer to target cells must ultimately be addressed directly by *in vitro* and *in vivo* gene delivery experiments.

SUPPLEMENTARY MATERIAL
======================

Supplementary Material is available at NAR Online.
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![Schematic representations of DNA duplexes formed by oligonucleotides that contain nicks and/or gaps at regular intervals. (**A**) The pairing of the 42mer oligonucleotides N1 and N2 to produce a nicked-DNA duplex with nicks in the backbone at every 21 bp. (**B**) The formation of gapped-DNA, with 2 nt gaps at every 21 bp, by the pairing of the 44mer oligonucleotides G1 and G2. (**C**) The formation of nicked-gapped-DNA, with alternating nicks and 2 nt gaps at every 21 bp, by the pairing of the 42mer oligonucleotide N1 and the 44mer oligonucleotide G2. Oligonucleotide sequences are given in Materials and Methods.](gki156s1){#sch1}

![Characterization of nicked-DNA duplexes by non-denaturing PAGE. Lane 1, AmpliSize molecular ruler (Bio-Rad); lanes 2--5, nicked-DNA from oligonucleotides N1 and N2 with N1:N2 strand stoichiometries of 1:1, 1:2, 1:3, 1:4, respectively; lane 6, 20 bp molecular ruler (Bio-Rad). The concentration of each oligonucleotide was 150 μM per strand. Gel was 3.5% polyacrylamide with a running buffer of 1× TBE (pH 7.9).](gki156f1){#fig1}

![Condensation of *3kbDNA*, nicked-DNA and a 21mer duplex by hexammine cobalt chloride, as monitored by light scattering. For each data point shown, DNA concentration was 7.5 μM in base pair (5 mM Bis-Tris, 50 μM EDTA, pH 7.0). Light-scattering intensities shown are averages from measurements taken over a 5 min period. *Inset*: *3kbDNA* and nicked-DNA scattering intensities, as a function of hexammine cobalt chloride concentration, normalized to maximum observed intensity. *Note*: nicked-DNA condensation occurs at a lower hexammine cobalt chloride concentration than *3kbDNA*.](gki156f2){#fig2}

![TEM images of particles formed by various DNA samples upon condensation with hexammine cobalt chloride. (**A**) Condensates formed by the nicked-DNA duplexes of oligonucleotides N1 and N2. (**B**) Condensates formed by the gapped-DNA duplexes of oligonucleotides G1 and G2. (**C**) Condensates formed by the nicked-gapped-DNA duplex of oligonucleotides N1 and G2. (**D**) Condensates formed by *3kbDNA*. For all samples, DNA was 15 μM in base pair, and condensed by mixing with an equal volume of 200 μM hexammine cobalt chloride in 5 mM Bis-Tris, 50 μM EDTA (pH 7.0). Scale bar is 100 nm.](gki156f3){#fig3}

![TEM images of particles formed by various DNA samples upon condensation with the Tat-NLS peptide. (**A**) Condensates formed by the nicked-DNA duplexes of oligonucleotides N1 and N2. (**B**) Condensates formed by the gapped-DNA duplexes of oligonucleotides G1 and G2. (**C**) Condensates formed by the nicked-gapped-DNA duplex of oligonucleotides N1 and G2. (**D**) Condensates formed by *3kbDNA*. (**E**) Condensates formed by 21mer duplex. For all samples, DNA was 15 μM in base pair, and was condensed by mixing with the Tat-NLS peptide at a charge ratio of 1:2 (DNA phosphate:cationic charged group of the peptide) in 5 mM Bis-Tris, 50 μM EDTA (pH 7.0). Scale bar is 100 nm.](gki156f4){#fig4}

![Histograms of DNA condensate diameters. Measurements were taken from TEM images similar to those shown in [Figure 4](#fig4){ref-type="fig"}. The DNA molecules associated with each histogram are given to the right of each. The condensing agents for the three sets of histograms are (**A**) Tat-NLS peptide (**B**) PLL and (**C**) PEI. The average particle diameters given in the figure are based upon measurements from at least 100 particles for each value reported. Experimental conditions for condensate formation are given in Materials and Methods.](gki156f5){#fig5}
